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1
METHOD FOR PRODUCING GROUP III
NITRIDE SINGLE CRYSTAL

The present application is based on Japanese patent appli-
cation No. 2007-227412 filed on Sep. 3, 2006, the entire
contents of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a method for producing a group II1
nitride semiconductor single crystal and a method for produc-
ing a free-standing substrate of a group 111 nitride semicon-
ductor single crystal.

2. Description of the Related Art

For example, a conventional method for producing a free-
standing substrate of a group III nitride semiconductor single
crystal is conducted such that a GaN layer is grown on a
hetero-substrate such as sapphire by HVPE (halide vapor
phase epitaxy) and the hetero-substrate is removed to have a
GaN free-standing substrate after the GaN growth is com-
pleted (See JP-B-3631724).

In the above method, a base substrate is formed by growing
a first group 111 nitride semiconductor layer on a base mate-
rial, a metal film is formed on the base substrate, voids are
formed in the first group III nitride semiconductor layer
through openings in the metal film by heat treatment, and a
second group III nitride semiconductor layer is grown on the
first group III nitride semiconductor layer with the voids
formed therein. By using the method, the second group III
nitride semiconductor layer is grown as a single crystal which
yields a group III nitride semiconductor substrate with low
dislocation density, good crystalline quality and no warping,
and allows the easy removal of the hetero-substrate.

On the other hand, another method is proposed that an
ingot of GaN single crystal is grown by using a GaN crystal as
aseed crystal by HVPE, and plural GaN substrates are cut out
from the grown ingot (See JP-A-2003-527296).

However, the method as disclosed in JP-B-3631724 has the
drawback that it is not suited to produce the plural group III
nitride semiconductor single crystal substrates at once since
only one group III nitride semiconductor single crystal sub-
strate can be obtained by each growth of the method. Also, the
method as disclosed in JP-A-2003-527296 has the drawback
that it only provides for a reduced area in cutting out the
substrate due to a difference in crystal face orientation caused
when growing the group III nitride semiconductor single
crystal on the seed crystal.

SUMMARY OF THE INVENTION

It is an object of the invention to provide a method for
producing a group III nitride semiconductor single crystal
that does not cause the reduced area in cutting out the sub-
strate even when repeating the crystal growth as well as
allowing the cutting of the plural group III nitride semicon-
ductor single crystal substrates at once.

Itis a further object of the invention to provide a method for
producing a free-standing substrate by using the group III
nitride semiconductor single crystal thus produced.
(1) According to one embodiment of the invention, a method
for producing a group III nitride single crystal comprises:

providing a seed crystal comprising a first crystal face that
is perpendicular to a growth direction of the single crystal and
has a first predetermined area, and a second crystal face that
is inclined to the growth direction and has a second predeter-
mined area; and
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2

growing the group III nitride single crystal on the first
crystal face and the second crystal face by controlling a
growth condition of the single crystal so as not to change the
first predetermined area and the second predetermined area.
(2) According to another embodiment of the invention, a
method for producing a group III nitride single crystal sub-
strate comprises:

providing a seed crystal comprising a first crystal face that
is perpendicular to a growth direction of a group III nitride
single crystal ingot and has a first predetermined area, and a
second crystal face that is inclined to the growth direction and
has a second predetermined area;

growing the group 1 nitride single crystal ingot on the first
crystal face and the second crystal face by controlling a
growth condition ofthe group Ill nitride single crystal ingot so
as not to change the first predetermined area and the second
predetermined area; and

cutting the group I nitride single crystal substrate off from

the grown group III nitride single crystal ingot.

BRIEF DESCRIPTION OF THE DRAWINGS

The preferred embodiments according to the invention will
be explained below referring to the drawings, wherein:

FIGS. 1A to 1] are schematic cross sectional views show-
ing respective steps in a method for producing a group III
nitride semiconductor single crystal in a first preferred
embodiment according to the invention; and

FIG. 2 is a schematic top view showing a group III nitride
semiconductor single crystal produced by using the method
of the first embodiment.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

First Embodiment

FIGS. 1A to 1] are schematic cross sectional views show-
ing respective steps in a method for producing a group III
nitride semiconductor single crystal in the first preferred
embodiment according to the invention.

Method for Producing Group III Nitride Semiconductor
Single Crystal

At first, on c-plane as (0001) plane of a sapphire substrate
with a diameter of 62.5 mm, a 300 nm thick GaN film as a
group III nitride thin film is grown by using an MOCVD
(metalorganic chemical vapor deposition) system. Then, a 20
nm thick Ti thin film is formed on the grown GaN thin film by
a vacuum deposition system. Then, in atmosphere with a
mixture of ammonia (NH;) and hydrogen (H,), heat treat-
ment is conducted at 1060° C. for 30 min, so that a mesh TiN
nanomask can be formed and many voids can be generated at
the interface of Ti/GaN.

Then, on the TiN nanomask, a 720 um thick GaN thick film
as a group III nitride thick film is grown by using an HVPE
(halide vapor phase epitaxy) system. The growth conditions
are as follows. Carrier gas: N,, source gas: NH; as a group V
material and GaCl as a group III material, growth tempera-
ture: 1060° C., growth pressure: normal pressure, GaCl par-
tial pressure in the source gas: 8.1x10? Pa (8x10~> atm), and
NH, partial pressure in the source gas: 8.1x10° Pa (8x1072
atm).

When the GaN thick film is grown on the TiN nanomask by
the HVPE system, the GaN thick film can be easily removed
at the interface of the GaN thick film/Ti. Thereby, a GaN
free-standing substrate as a group III nitride semiconductor
can be obtained that has c-plane, i.e., (0001) plane 12 as a
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principal plane and a diameter of 56 mm. Then, the free-
standing substrate is lapped in its outer circumference and
polished in both surfaces thereof, so that a GaN substrate as a
group III nitride semiconductor substrate can be obtained
with a diameter (=seed crystal diameter 11) of 50 mm and a
thickness of 350 um. The GaN substrate thus obtained has a
dislocation density of about 3x10° cm~2. Thus, as shown in
FIG. 1A, the seed crystal GaN substrate 10 as a seed crystal
with the (0001) plane 12 can be formed.

Then, by using the seed crystal GaN substrate 10 as a seed
crystal for GaN crystal growth, a single crystal of group III
nitride semiconductor represented by Al Ga, N (0=x<l) is
grown on the seed crystal GaN substrate 10. For example, a
GaN single crystal as the single crystal of group III nitride
semiconductor is grown on the seed crystal GaN substrate 10.
In detail, a GaN ingot as an ingot of the single crystal of group
1T nitride semiconductor is grown 10 mm in total thickness
on the seed crystal GaN substrate 10. Since the total thickness
is 10 mm, the GaN crystal grown on the seed crystal GaN
substrate 10 only needs to have a thickness of 9.65 mm.

For example, the growth conditions for the GaN crystal are
such that a partial pressure of GaCl in the source gas supplied
into the HVPE reactor is 2.53x10° Pa (2.5x1072 atm) and a
partial pressure of NH; in the source gas is 14.9x10° Pa
(14.7x1072 atm).

In vapor phase growth such as HVPE growth, anisotropy in
growth rate of crystal is caused being dependent upon the
plane direction. Thus, when an ingot is grown, a growth form
thereof is produced that is surrounded by a first growth face
grown at a first growth rate and a second growth face grown at
a second growth rate more than the first growth rate. For
example, if the group 11 nitride semiconductor is GaN, when
growing a GaN single crystal by HVPE, a growth form is
likely to occur that is surrounded by (0001) plane as the first
growth face and (10-12) plane as the second growth face.
Meanwhile, “-n” (n: positive integer) as in “(10-12)”
expressed by Miller index means being orthogonal to a pre-
determined coordinate axis in negative direction.

For example, as shown in FIGS. 1B to 1D, according as the
GaN crystal grown on the seed crystal GaN substrate 10
grows, a principal plane diameter 14a of the ingot decreases.
In other words, the GaN crystal grows in the order of a grown
crystal 10a, a grown crystal 105 and a grown crystal 10c,
where a principal plane diameter 145 of the grown crystal 106
becomes smaller than the principal plane diameter 14a of the
grown crystal 10a, and a principal plane diameter 14¢ of the
grown crystal 10c becomes smaller than the principal plane
diameter 145 of the grown crystal 104.

In this regard, the inventor finds that the change of the
growth form comes to equilibrium although the growth form
becomes small gradually according to the development in
crystal growth, and that, when the change of the growth form
comes to the equilibrium, the reduction of the principal plane
diameter stops and a columnar portion 15a is developed.
Although the equilibrium form of the GaN crystal depends on
the crystal growth conditions, under the crystal growth con-
ditions of the embodiment, an equilibrium form as shown in
FIG. 1D canbe obtained that includes a non-columnar portion
19a with a thickness 0f'3.6 mm. Ifthe GaN crystal is grown up
to 10 mm in total thickness, the grown crystal 10¢ can be
obtained that includes the columnar portion 15a with a thick-
ness of 6.4 mm (measured in the thickness direction from the
bottom) and the non-columnar portion 19a¢ with a thickness of
3.6 mm.

Then, as shown in FIG. 1E, by using a wire saw, the
columnar portion 15a is cut off from the non-columnar por-
tion 194 at a distance of 6.3 mm in the thickness direction
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from the bottom of the grown crystal 10c. A margin of the
cutting by the wire saw is, e.g., 200 um. The columnar portion
15a is further cut by the wire saw to have a substrate 16a (as
a GaN substrate) with a thickness of 600 um. For example, the
eight GaN substrates can be yielded. For example, the dislo-
cation density of a GaN substrate cut out at a position close to
the top of the ingot is about 6x10° cm™2, and that at a position
close to the bottom of the ingot is about 3x10° cm~> Mean-
while, an unnecessary portion 17a which corresponds to the
non-columnar portion 194 as shown in FIG. 1E is not suited to
cut the GaN substrate with a desired diameter.

Then, since the unnecessary portion 174 cannot be used to
cut the GaN substrate with a desired diameter, it is used as a
seed crystal for growing a GaN single crystal ingot on the next
growth process. As shown in FIG. 1F, the unnecessary portion
17a has a trapezoidal section with the principal plane diam-
eter 14¢. In other words, the unnecessary portion 174 has the
(0001) plane 12 as the first growth face, i.e., the principal
plane, perpendicular to the growth direction and with a first
predetermined area, and the (10-12) plane 13 as the second
growth face inclined by a predetermined angle to the growth
direction and with a second predetermined area. In this
embodiment, by using the unnecessary portion 17a, a GaN
single crystal ingot is again grown up to 10 mm in total
thickness. Here, since the unnecessary portion 17a has a
thickness of about 3.6 mm, the GaN single crystal is grown by
about 6.4 mm.

The growth conditions are the same as those used when the
seed crystal GaN substrate 10 comes to equilibrium in the
crystal growth of the seed crystal GaN substrate 10. In this
embodiment, since the unnecessary portion 17a already
achieves the equilibrium under the above growth conditions,
as shown in FIGS. 1F to 1H, only the columnar portion 15a
grows. It is not suitable that the length (thickness) of the
columnar portion 154 varies every time when the ingot grows.
Thus, the use of the growth conditions different from those
used when the seed crystal GaN substrate 10 comes to equi-
librium should be avoided where the equilibrium form of the
crystal obtained varies such that the length of the columnar
portion of the ingot varies.

When the GaN crystal is grown by using the unnecessary
portion 17a as a seed crystal under the conditions as above, as
shown in FIGS. 1F to 1H, it grows in the order of a grown
crystal 104 and a grown crystal be, where the principal plane
diameter 14¢ of the unnecessary portion 17a is the same as the
principal plane diameter 14¢ of the grown crystal 104 and the
grown crystal 10e. In other words, while the first predeter-
mined area of the principal plane at the top of the ingot with
the (0001) plane 12 and the second predetermined area of the
non-columnar portion 194 with the (10-12) plane 13 exposed
thereon are kept the same as before, the GaN single crystal is
grown on the unnecessary portion 17a. Thus, as shown in
FIG. 1H, the grown crystal 10e can be obtained that includes
the columnar portion 15a with a thickness of 6.4 mm and the
non-columnar portion 194 with a thickness of 3.6 mm.

Then, as shown in FIG. 11, by using the wire saw, the
columnar portion 1554 is cut off from the non-columnar por-
tion 194 at a distance of 6.3 mm in the thickness direction
from the bottom of the grown crystal 10e. A margin of the
cutting by the wire saw is, e.g., 200 um. The columnar portion
155 is further cut by the wire saw to have a substrate 165 (as
a GaN substrate) with a thickness of 600 um. For example, the
eight GaN substrates can be yielded. For example, the dislo-
cation density of a GaN substrate cut out at a position close to
the top of the ingot is about 2x10° cm™2, and that at a position
close to the bottom of the ingot is about 6x10° cm™>.
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FIG. 2 is a schematic top view showing a group III nitride
semiconductor single crystal produced by using the method
of the first embodiment.

In the production method of the group III nitride single
crystal in the first embodiment, the principal plane diameter
14¢ of the grown crystal 10e is the same as the principal plane
diameter 14¢ of the unnecessary portion 17q as a seed crystal
at the starting of the production. In other words, an area with
the (0001) plane 12 exposed thereon after the completion of
the growth is kept substantially the same as that at the starting
of the growth. In like manner, the area of the non-columnar
portion 194 with the (10-12) plane exposed thereon after the
completion ofthe growth kept substantially the same as that at
the starting of the growth.

Meanwhile, the unnecessary portion 17a cut away as
shown in FIG. 11 can be used as a seed crystal for the next
process, i.e., next-generation group III nitride single crystal.

Comparative Example

As a Comparative Example, by using a flat seed crystal,
i.e., a seed crystal substrate 10, not surrounded by the first
crystal face and the second crystal face, a group III nitride
single crystal is grown. The production method of the group
IIT nitride single crystal in Comparative Example is con-
ducted by repeating the steps as shown in FIGS. 1A to 1D.
Here, in order to grow an ingot with a total thickness of 10
mm, a 9.65 mm thick crystal needs to be grown since the seed
crystal substrate 10 has a thickness of 350 um. In Compara-
tive Example, as explained earlier referring to FIGS. 1A to
1E, eight single crystal substrates 16a can be obtained.

On the other hand, in the embodiment of the invention, as
explained earlier referring to FIGS. 1F to 11, the eight single
crystal substrates 16a can be obtained by growing only the 6.4
mm thick single crystal on the unnecessary portion 17a. In
comparing Comparative Example with the embodiment of
the invention, the embodiment of the invention only has to
grow a crystal thinner than that of Comparative Example so as
to produce the same number of the single crystal substrates as
Comparative Example.

Effects of the First Embodiment

In the production method of the group III nitride single
crystal in the first embodiment, the seed crystal substrate with
the growth form achieving the equilibrium is used and the
production method is conducted under the same growth con-
ditions as used when the seed crystal substrate achieves the
equilibrium. Therefore, the first embodiment can produce the
same number of the group 11 nitride single crystal substrates
as produced when the ingot is grown from the seed crystal
without the non-columnar portion. Although the unnecessary
portion with the non-columnar portion is discarded so far, the
embodiment can use the unnecessary portion as a seed crystal
for the next growth process of the group III nitride single
crystal substrates or after. Thus, the embodiment does not
waste the material and can produce the high-quality group III
nitride single crystal substrates.

In the production method of the group III nitride single
crystal in the first embodiment, the unnecessary portion with
the non-columnar portion can be used as the seed crystal for
the next growth process or after. Therefore, in the next growth
process or after, time required for growing the unnecessary
portion again can be omitted so that the total time for the
growth of'the group 111 nitride single crystal substrates can be
shortened significantly.
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6

In general, according as the growth of an ingot is devel-
oped, the dislocation density of the single crystal lowers.
Here, in the production method of the group III nitride single
crystal in the first embodiment, the unnecessary portion used
as the seed crystal for the next growth process or after is cut
off from the portion that the growth is most sufficiently devel-
oped in the thickness direction. Thus, the lowest portion in
dislocation density of the group I1I nitride single crystal ingot
is cut out as the seed crystal. By using the cut unnecessary
portion as the seed crystal for the next growth process or after,
the dislocation density of the group III nitride single crystal
grown on the next growth process can be reduced. In brief, the
production method of the group Il nitride single crystal inthe
first embodiment is suited to grow the group III nitride single
crystal with a low dislocation density.

Second Embodiment

A method for producing an AIN single crystal as a group 111
nitride single crystal in the second preferred embodiment of
the invention will be described below (though not shown).

At first, an AIN thin film with a diameter of 62.5 mm is
grown 600 um on a (111) Si single crystal substrate by using
the HVPE reactor. The growth conditions of the AIN thin film
by HVPE are as follows. The growth temperature is 1200° C.,
and source materials for the AIN are A1Cl; and NH;. A partial
pressure of AICI; in the source gas supplied into the HVPE
reactor is 60.8 Pa and a partial pressure of NH; in the source
gas is 243.2 Pa. The growth of the AIN thin film in the HVPE
reactor is conducted at normal pressure while supplying H, as
carrier gas.

Then, after the AIN thin film is grown on the Si single
crystal substrate, the Si substrate is etched by hydrofluoric
nitric acid and hydrofluoric acid, where an AIN free-standing
substrate can be obtained that has c-plane as a principal plane
and a diameter of 56 mm. Then, the AIN free-standing sub-
strate is lapped in its outer circumference and polished in both
surfaces thereof, so that an AIN substrate can be obtained with
a diameter of 50 mm and a thickness of 350 um.

Then, by using the AIN substrate as a seed crystal, an AIN
ingot is grown 10 mm in total thickness on the seed crystal
AIN substrate. Since the total thickness is 10 mm, the AIN
crystal grown on the seed crystal AIN substrate only needs to
have a thickness of 9.65 mm. The growth of the AIN ingot is
conducted at 1200° C. by using source gas at AlCl; partial
pressure of 197.0 Pa and NH; partial pressure of 788.0 Pa.

Invapor phase growth such as HVPE growth, anisotropy in
growth rate of crystal is caused being dependent upon the
plane direction. Thus, when the ingot is grown, a growth form
thereof is produced that is surrounded by a first growth face
grown at a first growth rate and a second growth face grown at
a second growth rate more than the first growth rate. In this
regard, the inventor finds that the change of the growth form
comes to equilibrium although the growth form becomes
small gradually according to the development in crystal
growth, and that, when the change of the growth form comes
to the equilibrium, the reduction of the principal plane diam-
eter stops and a columnar portion is developed. Under the AIN
single crystal growth conditions of the second embodiment,
an equilibrium form can be obtained that includes a columnar
portion with a thickness of 5.37 mm. As a result, the AIN
single crystal ingot can be obtained that includes the colum-
nar portion and the non-columnar portion.

Then, by using a wire saw, the columnar portion is cut off
from the non-columnar portion at a distance of 4.7 mm in the
thickness direction from the bottom of the grown AIN ingot.
Here, on the non-columnar portion side of the AIN single
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crystal, the columnar portion is left 0.67 mm. A margin of the
cutting by the wire saw is 200 pm. The columnar portion is
further cut by the wire saw to have six AIN substrates each
having a thickness of 600 um.

Then, by using the 5.2 mm thick unnecessary portion with
the non-columnar portion as a seed crystal in the second
embodiment, an AIN single crystal ingot is again grown up to
10 mm in total thickness on the seed crystal. Thus, in the
second embodiment, the AIN single crystal with the non-
columnar portion is use as the seed crystal.

Here, since the AIN single crystal ingot is grown up to 10
mm in total thickness on the seed crystal with the non-colum-
nar portion, the thickness of the AIN single crystal grown
additionally is 4.8 mm. The growth of the ingot is conducted
under the same as used when the seed crystal achieves the
equilibrium. The main plain diameter of the AIN (0001) plane
obtained after the growth is the same as that of the AIN (0001)
plane of the seed crystal used for the growth. Thus, the AIN
ingot having the columnar portion with a thickness of 5.37
mm can be obtained again.

Then, by using the wire saw, the columnar portion is cut oft
from the non-columnar portion at a distance of 4.7 mm in the
thickness direction from the bottom of the grown AIN ingot.
A margin of the cutting by the wire saw is 200 um. The
columnar portion is further cut by the wire saw to have six
AIN substrates each having a thickness of 600 pm.

As described above, if the ingot is grown by using the
conventional flat AIN substrate as a seed crystal, the 9.65 mm
thick AIN single crystal needs to be grown to obtain six AIN
substrates. In the second embodiment, when the ingot is
grown by using the seed crystal with the non-columnar por-
tion and the columnar portion, only the 4.8 mm thick AIN
single crystal needs to be grown to obtain six AIN substrates.
Thus, in analogy with the first embodiment, the second
embodiment does not waste the material and can produce the
high-quality AIN single crystal substrates.

Although the invention has been described with respect to
the specific embodiments for complete and clear disclosure,
the appended claims are not to be thus limited but are to be
construed as embodying all modifications and alternative
constructions that may occur to one skilled in the art which
fairly fall within the basic teaching herein set forth.

What is claimed is:
1. A method for producing a group II1 nitride single crystal,
the method comprising:

providing a seed crystal comprising a first crystal face that
is perpendicular to a growth direction of the single crys-
tal and has a first predetermined area, and a second
crystal face that is inclined to the growth direction and
has a second predetermined area; and
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growing the group III nitride single crystal on the first
crystal face and the second crystal face by vapor phase
growth and by controlling a growth condition of the
single crystal so as not to change the first predetermined
area and the second predetermined area.
2. The method according to claim 1, wherein the first
crystal face comprises a (0001) plane, and
wherein the second crystal face comprises a (10-12) plane.
3. The method according to claim 1, wherein the growth
condition comprises a growth condition that a shape of the
group Il nitride single crystal comprising the first crystal face
and the second crystal face comprises an equilibrium form.
4. The method according to claim 1, wherein the growth
condition comprises a same growth condition as that for
growing the seed crystal.
5. The method according to claim 1, wherein the group III
nitride single crystal comprises Al Ga,; N (0=x<1).
6. A method for producing a group 111 nitride single crystal
substrate, the method comprising:
providing a seed crystal comprising a first crystal face that
is perpendicular to a growth direction of a group III
nitride single crystal ingot and has a first predetermined
area and a second crystal face that is inclined to the
growth direction and has a second predetermined area;

growing the group 1 nitride single crystal ingot on the first
crystal face and the second crystal face by vapor phase
growth and by controlling a growth condition of the
group III nitride single crystal ingot so as not to change
the first predetermined area and the second predeter-
mined area; and

cutting the group I nitride single crystal substrate off from

the grown group III nitride single crystal ingot.

7. The method according to claim 6, wherein the first
crystal face comprises a (0001) plane.

8. The method according to claim 6, wherein the growth
condition is such that a shape of the group III nitride single
crystal ingot comprising the first crystal face and the second
crystal face comprises an equilibrium form.

9. The method according to claim 6, wherein the seed
crystal comprises a (0001) plane.

10. The method according to claim 6, wherein the vapor
phase growth comprises an HVPE (halide vapor phase epit-
axy) growth.

11. The method according to claim 1, wherein the first
crystal face comprises a (0001) plane.

12. The method according to claim 1, wherein the seed
crystal comprises a (0001) plane.

13. The method according to claim 1, wherein the vapor
phase growth comprises an HVPE (halide vapor phase epit-
axy) growth.



